Amlodipine reduces blood pressure; however, its effect in the diabetic kidney irrespective of its blood pressure-lowering effects is unclear. This study examined the effects of amlodipine (0, 5, 10 and 20 mg/kg; D A0 , D A5 , D A10 and D A20 , respectively) for 12 weeks on renal functional and structural changes in the streptozotocin-induced diabetic rat, a nonhypertensive model of diabetes-associated hyperfiltration. Compared with nondiabetic rats, diabetes (D) was associated with increased urine albumin excretion (UAE, 12.6 8 3.40 vs. 3.73 8 1.14 mg/day), glomerular filtration rate (2.17 8 0.09 vs. 1.64 8 0.12 ml/min/g kidney weight), glomerulosclerosis (0.21 8 0.03 vs. 0.05 8 0.01 AU) and infiltration of inflammatory cells (18.5 8 2.78 vs. 6.92 8 0.70 cells/ cm 2 ), but did not affect mean arterial pressure (MAP, 110 8 4.70 vs. 109 8 5.33 mm Hg). While D A20 abolished glomerular hyperfiltration (1.49 8 0.05 ml/min/g kidney weight) and inflammatory cell abundance (6.0 8 0.79 cells/cm 2 ), it exacerbated UAE (43.5 8 8.49 mg/day) and increased MAP (132 8 3.76 mm Hg), but had no effect on renal pathology. These data suggest that amlodipine reduces renal inflammation and abolished glomerular hyperfiltration, but increases blood pressure and exacerbates albuminuria in the rat model of normotensive diabetic kidney disease. We conclude that amlodipine may have limited renoprotective effects in the face of hyperfiltration and absence of elevated blood pressure. Copyright © 2012 S. Karger AG, Basel Published online: July 6, 2012
Introduction
In humans, dihydropyridine calcium channel blockers (CCBs), including amlodipine have been used, and lately more frequently, as blood pressure-lowering agents alone [1] , or in combination with blockers of the renin-angiotensin system (RAS) [2] . In patients with chronic renal disease, amlodipine has been shown to have some additional renoprotective effects, at least in some studies. In hypertensive diabetic patients without overt renal disease, amlodipine has been shown to reduce microalbuminuria, albeit not to the same degree as angiotensin II type 1 receptor (AT 1 ) antagonists telmisartan [3] , losartan [4] , valsartan [5] , irbesartan [6] or angiotensin converting enzyme (ACE) inhibitors such as benazapril [7] or lisinopril [8] . Studies, including the Avoiding Cardiovascular Events through Combination Therapy in Patients Living with Systolic Hypertension (ACCOMPLISH) trial demonstrated further blood pressure-lowering and renoprotective effects of the combination therapy of amlodipine and benazapril over either drug alone [7] . However, these beneficial effects of amlodipine on albuminuria are not universal, as studies in patients with chronic kidney disease and hypertension reported no effect [9] [10] [11] or even an increase [12] in albuminuria following treatment with amlodipine. Experimental models of chronic kidney disease have suggested that CCBs may impair autoregulation despite their blood pressure-lowering effects [13, 14] . Furthermore, class differences in the effects of CCBs may also explain their equivocal effects in both experimental models and humans with chronic kidney disease [13] .
Diabetes is the leading cause of end-stage renal disease and is associated with high mortality rates [15] . Similar to the effects of CCBs in nondiabetic renal disease, both beneficial and adverse effects of CCBs have been reported in patients with diabetic nephropathy. Specifically, in patients with diabetic nephropathy associated with type 1 diabetes, nisoldipine (long-acting dihydropyridine CCB) attenuates the rate of decline in glomerular filtration [16] . In patients with diabetic nephropathy associated with type 2 diabetes, amlodipine exacerbates albuminuria and decreases the estimated glomerular filtration rate (GFR) [17] . Similarly, the data in experimental models of diabetic renal disease are inconsistent, showing beneficial effects of a calcium antagonist TA-3090 (diltiazem-like) on albuminuria and glomerular hypertrophy [18, 19] , but adverse effects on GFR [18] . As in nondiabetic chronic kidney disease, different classes of CCBs appear to exert differential effects in the diabetic kidney as well. While several studies have implied that CCBs may have a direct renoprotective effect irrespective of their blood pressure-lowering ability, this has not directly been tested in an experimental model of diabetic renal disease. Thus, the aim of the present study was to examine some of the mechanisms of action of a dihydropyridine CCB, amlodipine, in the streptozotocin (STZ)-induced diabetic rat, a model of diabetic renal disease not associated with hypertension.
Methods and Materials

Study Design
The study was performed in 12-week-old male Sprague-Dawley rats (Harlan, Madison, Wisc., USA) fed a standard rat diet and allowed free access to tap water. The animals were randomly divided to remain either nondiabetic (n = 8) or rendered diabetic with a single i.p. injection of STZ (55 mg/kg in 0.1 m M citrate buffer, pH 7.4) as previously described [20] . At the time of initiation of diabetes, the diabetic rats were further randomized to receive either vehicle (D A0 , n = 10) or varying doses of amlodipine: 5 mg/kg (D A5 , n = 10), 10 mg/kg (D A10 , n = 8) and 20 mg/kg (D A20 , n = 7). Amlodipine was dissolved in water and administered by oral gavage for 12 weeks.
During the 12-week treatment period, all diabetic rats received insulin, s.c. every 3 days (2-4 U; Lantus, Aventis Pharmaceuticals Inc., Kansas City, Mo., USA) to maintain blood glucose levels between 300-450 mg/dl (measured using the OneTouch Ultra glucometer), promote weight gain and prevent mortality. The animals were placed in metabolic cages once every 4 weeks for 24 h and their urine was collected for measurement of urine output and albumin concentration. One day prior to sacrifice, the animals were instrumented with catheters for measurement of blood pressure and renal function as described below. Following an overnight recovery, these measurements were taken and the kidneys were removed and weighed. Parts of the kidney were snap frozen in liquid nitrogen (for protein analysis) while other parts were fixed with 10% buffered formalin (for histology and immunohistochemistry). At the time of sacrifice, HbA1 C was measured in a sample of blood obtained from a tail prick using the A1CNow+ monitor (Bayer, Sunnyvale, Calif., USA) according to the manufacturer's protocol. All experiments were performed according to the guidelines recommended by the National Institutes of Health and approved by the University of Mississippi Medical Center Animal Care and Use Committee.
Measurement of Mean Arterial Pressure and Renal Function
Animals were anesthetized with 3% isoflurane and placed on a heating pad to maintain body temperature. Catheters were placed in the femoral artery for recording of arterial pressure and in the femoral vein for i.v. infusions and blood collection. The cannulae were routed under the skin to the nape of the neck. After overnight recovery, mean arterial pressure was continuously recorded for 2 h in conscious rats via a pressure transducer connected to a computerized data acquisition system (PowerLab, ADInstruments, Colorado Springs, Colo., USA). GFR was measured by infusing 125 I-iothalamate (10 Ci/ml) at a rate of 2 ml/h over 3 h.
Renal Renin Activity
Renal cortical homogenates were prepared for analysis as previously described [21] . Renal renin activity was measured by radioimmunoassay using a modification of Haber and associates [22] with AI standards, tracer, and antibody from the National Bureau of Standards, New England Nuclear, and Arnel, respectively.
Urine Albumin
Urine albumin concentration was measured using the Nephrat II albumin kit (Exocell, Inc., Philadelphia, Pa., USA), according to the manufacturer's protocol.
Renal Pathology
Glomerulosclerosis was defined as mesangial expansion and glomerulosclerosis index (GSI) assessed using a standard, semiquantitative scoring method as previously described [20] . Briefly: grade 0, no obvious sclerosis (normal); grade 1, sclerotic area ! 25% (minimal sclerosis); grade 2, sclerotic area 25% to 50% (moderate sclerosis); grade 3, sclerotic area 50% to 75% (moderate-severe sclerosis); grade 4, sclerotic area 75% to 100% (severe sclerosis).
Tubulointerstitial fibrosis was defined as tubular atrophy or dilatation, deposition of ECM and presence of inflammatory cells and tubulointerstitial fibrosis index (TIFI) assessed using a standard, semiquantitative scoring method as previously described [20] . Briefly: grade 0, no obvious damage; grade 1, affected area ! 10%; grade 2, affected area 10% to 25%; grade 3, affected area 25% to 75%; grade 4, affected area 75% to 100%. Assessments of both GSI and TIFI were performed with the observer blinded to the treatment groups.
Immunohistochemistry
Paraffin-embedded sections (4 m) were incubated with 10% nonimmune goat serum for blocking of nonspecific immunolabeling. Following incubation at 4 ° C overnight with the primary antisera against collagen type IV (1: 400, affinity-purified goat anti-human, Southern Biotech, Birmingham, Ala., USA), TGF-␤ (1: 200, rabbit polyclonal, Cruz Biotech., Santa Cruz, Calif., USA) and CD68 (1: 200, mouse monoclonal, Serotec, Raleigh, N.C., USA). Sections were then incubated with appropriate secondary, biotinylated IgGs and then with the avidin-biotin complex (Vectastain ABC kit, Elite, Vector Laboratories, Calif., USA). A positive immunoreaction was identified after a 10-min treatment with 3,3-diaminobenzidine and counterstaining with Mayer's hematoxylin. Sections incubated with 10% NGS instead of the primary antiserum were used as negative controls.
The density of CD68-positive cells was assessed in thirty randomly selected glomeruli and/or cortical interstitial regions per section and quantitated using image analysis software (NIS-Elements, Ver. 2.32; Nikon Instruments, Melville, N.Y., USA). The data are expressed as CD68-positive cells/mm 2 per selected area (glomerulus or cortical tubulointerstitial regions).
Western Blotting
Homogenized protein samples were denatured at 95 ° C for 10 min, loaded onto SDS-PAGE precast gels (Bio-Rad, Hercules, Calif., USA) and transferred to a nitrocellulose membrane. The membranes were incubated first with 5% non-fat milk and then with antisera against collagen type IV (1: 500, affinity-purified goat anti-human, Southern Biotech, Birmingham, Ala., USA) and TGF-␤ (1: 500, rabbit polyclonal, Cruz Biotech., Santa Cruz, Calif., USA). The membranes were then incubated with appropriate secondary antibodies conjugated to horseradish peroxidase and proteins visualized by enhanced chemiluminescence (KPL, Gaithersburg, Md., USA). All membranes were then stripped and re-probed with an antibody against ␤ -actin (1: 3,000; mouse monoclonal, Cell Signaling, Danvers, Mass., USA). The densities of specific bands were quantitated by densitometry using the Scion Image beta (version 4.02) software and normalized to the total amount of protein loaded in each well following densitometric analysis of gels stained for ␤ -actin. 
Statistical Analysis
All values are expressed as mean 8 SEM and were analyzed using a one-way ANOVA followed by a Newman-Keuls post hoc comparison test (Prism 4, GraphPad Software, San Diego, Calif., USA). Differences were considered statistically significant at p ! 0.05.
Results
Effects of Amlodipine on Metabolic Factors
As expected, diabetic animals had HbA1 C levels 1 9% ( table 1 ) ; these values were similar in all treatment groups. Diabetic animals also exhibited an average of 28% decrease in body weight, 74% increase in kidney/body weight, as well as 23% increase in heart/body weight ratio as compared with the nondiabetic animals ( table 1 ). Treatment with amlodipine had no further effect on these parameters. Both food ( ϳ 78%) and water ( ϳ 398%) intake were increased in the diabetic compared with the nondiabetic rats ( table 1 ). While treatment with amlodipine did not affect food intake in the diabetic animals, the highest dose of amlodipine (20 mg/kg, D A20 ) further increased water intake by 30%. Accordingly, urine output was increased in all diabetic animals, including the ones treated with 20 mg/kg of amlodipine.
Effects of Amlodipine on Blood Pressure and Renal Function
Blood pressure levels were similar in nondiabetic, D A0 , D A5 and D A10 animals ( table 1 ) . However, in D A20 animals, there was a 20% increase in MAP compared with both the nondiabetic and diabetic group ( table 1 ) .
No differences in urine albumin excretion (UAE) were observed after 4 and 8 weeks of treatment between any of the treatment groups ( fig. 1 a) . However, after 12 weeks of hyperglycemia, diabetic animals exhibited a 228% increase in UAE compared with the nondiabetics ( fig. 1 a) . This diabetes-associated increase in UAE was exaggerated with amlodipine treatment, especially at the highest dose (20 mg/kg, fig. 1 a) .
As widely reported, the STZ-induced diabetic rat is in a state of glomerular hyperfiltration even after 12 weeks of hyperglycemia. Specifically, diabetic rats had a 32% increase in 
Effects of Amlodipine on Renal Pathology
The STZ-induced diabetic rat was characterized by moderate mesangial expansion contributing to glomerulosclerosis and presence of tubular casts, accumulation of extracellular matrix proteins and inflammatory cells in the interstitium, contributing to tubulointerstitial fibrosis ( fig. 2 b) . Treatment with amlodipine, regardless of the dose, had no further effect on diabetes-associated renal injury ( fig. 2 c) . This observation was further supported by semiquantitative analysis of the indices of glomerulosclerosis (GSI) and tubulointerstitial fibrosis (TIFI). In the diabetics, both GSI and TIFI were increased on average by 25% and 78%, respectively, as compared with untreated diabetic rats ( fig. 2 f, g ). Treatment with amlodipine resulted in GSI and TIFI similar to untreated diabetic rats. In the renal cortex of diabetic rats, collagen type IV was immunolocalized to basement membranes of proximal and distal tubules and expanded mesangial areas in the glomerulus ( fig. 3 b) . Treatment with all three doses of amlodipine had no further effect on the pattern of type IV collagen immunolocalization ( fig. 3 c-e) . Quantitative analysis of collagen type IV protein expression by Western blotting confirmed the immunohistochemical observations. In renal cortical samples of untreated diabetic rats, collagen type IV protein expression was increased by 86% as compared with the nondiabetic rats ( fig. 3 f) . Collagen type IV expression remained elevated after treatment with amlodipine regardless of the dose ( fig. 3 f) .
Effect of Amlodipine on Inflammatory Markers
In the renal cortex of diabetic rats, TGF-␤ was predominantly immunolocalized around podocytes and proximal tubules ( fig. 4 b) . The apparent intensity of immunostaining was decreased in the animals treated with all three doses of amlodipine ( fig. 4 d, e) . Western blot analysis (50-kDa band) showed a 178% increase in TGF-␤ protein expression in untreated diabetic compared with nondiabetic rats ( fig. 4 f) . While 5 and 10 mg/kg of amlodipine (D A5 sibly glomerular hyperfiltration; however, it has adverse effects on albuminuria, blood pressure and renal structural damage, especially at high doses. These data suggest differential effects of amlodipine in the STZ-induced diabetic rat, a nonhypertensive model of diabetic kidney injury.
While CCBs, either alone or in combination with blockers of the RAS, are widely used in the treatment of hypertension [3] [4] [5] [6] [7] [8] , the evidence for their additional renoprotective effect in either nondiabetic or diabetic renal disease remains controversial. In experimental models of hypertensive renal injury, such as the spontaneously hypertensive rat, the Dahl saltsensitive rat and in Sprague-Dawley rats after 5/6 renal ablation, CCBs lower blood pressure [23] [24] [25] [26] . However, the effects of CCBs on blood pressure in the setting of diabetes are inconclusive. As previously reported, STZ-induced diabetes in Sprague-Dawley rats either exhibits no changes or slight reductions in systemic blood pressure as compared with the nondiabetic rat [27] . This is thought to be due to stimulation of the RAS as a counterbalancing antinatriuretic effect against the glucose-induced osmotic natriuresis and diuresis [27] . In the present study, no differences in MAP were observed in the STZ-induced compared with the nondiabetic rat. While lower doses of amlodipine had no effect on MAP either, the higher doses of amlodipine increased MAP. Our data suggest that the increase in blood pressure following treatment with amlodipine may be mediated through increases in renal renin activity. A similar increase in renin mRNA was also observed in normotensive Sprague-Dawley rats [28] . Previous studies examining the effects of amlodipine in experimental models of diabetic renal disease have shown variable effects on blood pressure, with some reporting no effect [29] and others showing an antihypertensive effect [30] . However, both of these studies used very low doses of amlodipine. Thus, it is likely that the effects of amlodipine on MAP are dose-dependent. One of the limitations of the present study is that MAP was only measured at the end of the treatment period in conscious animals with indwelling catheters. Thus, we acknowledge that MAP variability during the treatment period was possible and future studies, using telemetric monitoring should be performed to address this issue.
Several investigators have suggested that CCBs may exert renoprotective effects independent of and beyond their blood pressure-lowering effects. Even though a few clinical and experimental studies show that amlodipine does reduce albuminuria in diabetes [8] , the present study shows that amlodipine increases UAE in the STZ-induced diabetic rat. Another study using the same experimental model showed no effects of a low dose (3 mg/kg) of amlodipine on UAE after a 4-month treatment [30] . The Irbesartan Diabetic Nephropathy Trial showed that amlodipine increased proteinuria within the first 30 months of treatment of patients with type 2 diabetes mellitus [6] . Furthermore, benidipine, the T-type CCB has been suggested to be more effective than amlodipine in protecting renal function in patients with diabetic nephropathy [31, 32] as well as in hypertensive patients with mild chronic kidney disease [33] . Furthermore, in experimental models of chronic renal injury, nifedipine increased albuminuria [14, 26] . Thus, it appears that the effects of CCBs on albuminuria may be dependent on the dose as well as formulation of CCBs.
Consistent with previous studies, our study shows that the STZ-induced diabetic rat exhibits glomerular hyperfiltration [34] . The increase in GFR and intraglomerular pressure in early diabetes is thought to be mainly a consequence of afferent arteriolar vasodilation. Our study found that treatment with amlodipine abolished glomerular hyperfiltration, which can be interpreted in two ways. Since glomerular hyperfiltration is thought to be one of the initiators of glomerular injury, then reductions in GFR following treatment with amlodipine, as observed in the present study, could be considered renoprotective. However, it is more likely that amlodipine raised GFR early in the disease and returned to normal levels after 12 weeks due to glomerular injury. Variable effects of CCBs on GFR have been reported in other models and humans [14, 17, 35] . In patients with chronic, nondiabetic renal disease and in patients with mild to moderate essential hypertension, amlodipine increased GFR and glomerular capillary pressure [35] . In type 2 diabetic patients with hypertension and nephropathy a significant decrease in estimated GFR was observed after treatment with amlodipine [17] . Similarly, nifedipine has been shown to reduce GFR in the 5/6 renal ablation model [14] . These variable effects of CCBs on GFR are again likely to be due to differences in dose and formulation of CCBs as well as being dependent on the experimental model and disease.
Diabetic renal injury is characterized by glomerulosclerosis and tubulointerstitial fibrosis [36] . Our study shows that amlodipine has no further effect on either glomerular or tubulointerstitial injury or collagen type IV protein expression. Similarly, in Dahl salt-sensitive hypertensive rats fed either a 4 or 8% NaCl diet [24] or the uninephrectomized Munich Wis-tar rat [37, 38] , amlodipine had no effect on glomerulosclerosis or podocyte injury. Furthermore, in a novel mouse model of diabetic nephropathy, the megsin/receptor for advanced glycation end products/inducible nitric oxide synthase triple transgenic mouse, amlodipine had no effect on histological changes [39] . Thus, it appears that amlodipine may not play an important role on renal structural changes.
There is a growing body of evidence suggesting that diabetic nephropathy is associated with low-grade inflammation [40] . Our study confirms the previous reports of increased TGF-␤ protein and the presence of activated macrophages in the diabetic kidney [20, 25] . Interestingly, despite the fact that amlodipine appeared to exert adverse effects on the diabetic kidney, it reduced both TGF-␤ protein and abundance of CD68-postive cells, suggesting it has anti-inflammatory properties. However, the fact that this was not sufficient to prevent renal injury suggests that additional mechanisms are responsible for mediating renal damage. Few studies to date have examined the effects of amlodipine on inflammation associated with either diabetic or nondiabetic renal disease. In Dahl salt-sensitive rats fed a high-sucrose diet, which mimics metabolic syndrome, amlodipine had no effect on ED-1-positive cell infiltration [41] . However, in hypertensive patients with mild chronic kidney disease, blood interleukin-6 levels decreased after a 12-month treatment with amlodipine [33] . In advanced glycation end-products-exposed human cultured mesangial cells nifedipine, another dihydropyridine-based CCB, reduces expression of monocyte chemoattractant protein-1, a principal chemokine that mediates the recruitment of monocytes to inflammatory sites [42] . These findings suggest that CCBs may indeed play a protective role against diabetic nephropathy partly through its anti-inflammatory properties. However, additional studies are needed to examine the specific mechanisms by which CCBs reduce inflammation and how this contributes to the pathogenesis of the disease.
The present study provides evidence for both beneficial and adverse effects of amlodipine in the STZ-induced diabetic kidney. While it reduces markers of inflammation, it exacerbates renal hemodynamic without affecting renal structural changes. Many of these effects may be dependent on the animal strain, dose of the drug and also underlying physiological function. Thus, further studies are warranted in order to evaluate the effects of high-dose amlodipine monotherapy in normotensive diabetic kidney disease.
